The peak external knee adduction moment (pKAM), KAM impulse, and peak knee flexion moment (pKFM) during gait are important loading variables in medial tibiofemoral osteoarthritis. We evaluated the effects of gait modification, using real-time pKAM visual feedback, on pKAM, KAM impulse, and pKFM; and whether participants could maintain the KAM-reducing gait after feedback removal. Eleven healthy individuals performed a series of walking trials on a split-belt instrumented treadmill under four conditions of Baseline, Feedback, No Feedback Early, and No Feedback Late. Guided by real-time feedback of pKAM, they modified their gait patterns to lower pKAM by 20%. Three-dimensional joint kinematics/kinetics during each walking condition were recorded by a 12-camera motion capture system and the instrumented treadmill. Change in each knee loading parameter from baseline across conditions was assessed using one-way repeated-measures analysis-of-variances. In the feedback limb, successful 20% reductions from baseline in pKAM and KAM impulse were achieved across all three conditions. There was a trend for concomitant pKFM increases, partially attenuating the beneficial effects of pKAM reduction. A carry-over effect of KAM reduction in the non-feedback limb was noted. The altered gait patterns were participant-specific and multi-modal; each participant reported a combination of two to three gait modification strategies used for pKAM reduction. Toe-in and medial foot contact were the most reported strategies. The findings support the real-time pKAM visual feedback as a tool for individualized gait modification to reduce knee load. Future studies to evaluate its effectiveness in persons with or at risk for medial knee osteoarthritis is warranted. ß
Knee osteoarthritis (OA) is a degenerative joint disease that commonly occurs in the medial compartment of the tibiofemoral joint. 1 Knee OA affects millions of people and is one of the leading causes of disability among adults. 2 There is no cure for knee OA; current non-surgical management guidelines recommend biomechanical interventions, exercise, and weight management to reduce symptoms and preserve function. 3 End-stage disease is often treated with total knee arthroplasty, an invasive and costly procedure, which requires extensive post-surgical rehabilitation. Approximately 645,000 total knee arthroplasty operations were performed in the United States in 2011 with an average cost of $31,124. 4 Considering the social, health, and economic burdens of knee OA, interventional strategies to improve symptoms and slow disease progression are urgently needed.
Altered distribution of medial and lateral contact forces within the tibiofemoral joint is thought to contribute to the initiation and progression of knee OA. 5 While it is invasive and impractical to measure in vivo forces directly, the peak external knee adduction moment (pKAM) occurring during the early stance phase of gait (i.e., the first peak KAM) has been shown to be correlated with the medial contact force. 6 Efforts have been directed toward developing and testing modified walking strategies to reduce pKAM and ultimately slow disease course in medial tibiofemoral OA. 7, 8 In addition to adopting a specific movement modification strategy (e.g., toe-in, trunk lean, medial knee thrust, or slowed walking speed), realtime feedback of gait kinematic or kinetic parameters could be effective for individualized gait modification. 9, 10 When provided with real-time pKAM feedback for the right limb during treadmill walking, participants could self-organize and alter their gait patterns to reduce pKAM in the same limb. 11 Although pKAM has been characterized both as a determinant and a surrogate for medial knee load, a recent study showed that while pKAM accounted for 63% of the variance in medial contact force, pKAM combined with peak knee flexion moment (pKFM) described 85% of the variance; hence the use of both pKAM and pKFM to predict changes in medial knee load is recommended. 12 Similarly, Walter et al. 13 found that a reduction in pKAM did not necessarily indicate a decrease in medial contact force if this reduction is offset by a substantially larger increase in pKFM. The KAM impulse, evaluated over the positive area of the KAM-time curve, captures the cumulative load and has been shown to be a risk factor for structural progression by medial tibial cartilage loss.
14,15 Taken together, to comprehensively evaluate the change in medial knee load during gait, pKAM, KAM impulse, and pKFM should be considered. The primary purpose of this study was to evaluate the effects of gait modification using real-time pKAM feedback on important knee load variables, including pKAM, KAM impulse during stance phase, and pKFM. We hypothesized that young healthy individuals could use visual feedback of pKAM during treadmill walking to modify their gait patterns in a manner that would reduce pKAM and KAM impulse during stance without concurrently substantially increasing pKFM for both the feedback and non-feedback limbs. We were also interested in whether participants could temporarily maintain the modified KAM-reducing gait pattern after visual feedback was removed. The secondary aim was to assess pKAM, KAM impulse, and pKFM changes immediately after feedback removal and after walking without feedback for 5 min.
METHODS

Participants
Eleven healthy individuals (age ¼ 26.0 AE 4.7 years, height ¼ 1.68 AE 0.09 m, weight ¼ 64.6 AE 16.3 kg, 73% women) with no recent lower extremity pain or injuries participated in this study. The inclusion/exclusion criteria were (1) at least 18 years of age, (2) free from musculoskeletal injury in the past 6 weeks, (3) able to walk 15-30 min each day without symptoms, (4) no cardiopulmonary contraindications to walking, (5) no major traumatic history or surgery that changed the participant's gait patterns, (6) no lower extremity joint arthritis, and (7) no use of orthoses or assistive walking devices during walking. Approval was obtained from the Northwestern University Institutional Review Boards. All participants signed informed consent prior to participation.
Setup
Participants performed a series of treadmill walking trials on a split-belt, instrumented treadmill (Motekforcelink, Amsterdam, Netherlands) that measured ground reaction forces and center of pressure from each limb. Kinetic data were recorded at 1,000 Hz. A 12-camera motion capture system (Qualysis, Gothenburg, Sweden) recorded 3D motion data at 100 Hz from 36 reflective markers placed on the lower limbs using a 6-degrees-of-freedom cluster marker setup. Markers were placed bilaterally on the 1st, 2nd, and 5th metatarsals, medial and lateral malleoli, medial and lateral femoral condyles, calcanei, and the anterior superior iliac spines, and on the 2nd and 10th thoracic spinous processes. Four 4-marker clusters were used to track the thigh and shank segments during walking. 16 Marker and ground reaction force data were streamed in real-time to a custom LabVIEW VI (National Instruments, Austin, TX) used to calculate and display the pKAM feedback.
Visual Feedback
Participants received real-time visual feedback of pKAM during the initial treadmill walking trials. Specifically, a 60-inch monitor, mounted at eye level, 1.7 m in front of the treadmill, displayed a real-time chart streaming the magnitude of the right (feedback limb) pKAM occurring during stance phase of each step (Fig. 1) . The chart was updated immediately after every step to display data from the previous 10 steps the participant had taken (Fig. 1) . In addition, a horizontal line marking a target threshold at 80% of the baseline pKAM magnitude was shown on the chart to encourage participants to reduce their pKAM from baseline levels. The right pKAM for real-time visual feedback was calculated from the cross product of the ground reaction force vector and the position vector between the knee joint center and the center of pressure during the initial 40% of stance phase. The knee joint center was estimated by taking the midpoint between the medial and lateral femoral condyle markers. All data were filtered at 167 Hz, using a moving average over a 6-ms period before calculating pKAM. This method, albeit not accounting for all the contributing forces (e.g., limb inertial moments), provides a good approximation of the % change in pKAM and has been used previously to provide pKAM visual feedback during treadmill walking. 11, 17 No feedback was provided for the left (non-feedback) limb.
Protocol
Gait data were collected across four conditions: Baseline, Feedback, No Feedback Early, and No Feedback Late (Fig. 2 ). Participants performed a series of treadmill walking trials. During all trials, participants were instructed to walk comfortably without holding onto the handrails. First, the participant's preferred walking speed was determined by slowly adjusting the treadmill speed to match the participant's habitual comfortable walking speed. This preferred speed was used for all subsequent walking trials. Next, participants walked on the treadmill without visual feedback for 5 min to establish the Baseline condition. During the first 4 min of the Baseline condition, participants established stable habitual gait patterns on the treadmill. We computed the average baseline pKAM using the gait kinematic and kinetic data recorded during the last minute of the Baseline condition.
After the Baseline condition, participants were provided with real-time visual feedback of the right (the feedback limb) pKAM during walking. Participants were instructed to modify their gait patterns and aim for a 20% pKAM reduction from baseline in the feedback limb. No explicit instructions were given for the non-feedback limb (i.e., the participants were not told to modify their gait bilaterally). They were encouraged to experiment with different gait modification strategies to accomplish pKAM reduction, but avoid adjustments that may feel unnatural or unsustainable in daily ambulation. For example, "experiment and find a way to walk that keeps the peak knee load below the green threshold line." and "the new way of walking should be comfortable and natural so that you would choose to walk like that on the street." Participants were given a brief description of the components (ground reaction force, center of pressure, knee-foot position) that made up the feedback. To facilitate gait modification, potential KAM-lowering strategies were suggested based on previous research, 8 including toeing-in or toeing-out, lateral trunk sway toward the stance limb, medial knee thrust, walking on the medial side of the foot, and varying cadence/step length. Participants were encouraged to come up with their own strategies and not limit their adaptation to only one particular strategy, that is, they could choose to use either one single strategy or a combination of several strategies. Following 10 min of exploration and practice, participants were asked to finalize the gait modification strategy or strategies they found both most effective for reducing pKAM and felt most natural and could be used in everyday life. They were then asked to continue practicing this chosen gait modification with the visual feedback for another 5 min. Following this period, data were recorded over the next 60-s interval to serve as the Feedback condition.
Next, the feedback was removed and the participant was asked to maintain the same gait to the best of his/her abilities for the next 5 min during the No Feedback condition. Gait data were recorded during the first and last 60 s of this 5-min period as the No Feedback Early and No Feedback Late conditions, respectively. At the end of the experiment, participants were asked to describe their gait adjustments, and rate the awkwardness on a 1-10 scale (least 1, most 10) and the effort on a similar 1-10 scale for their modified gait patterns.
Data Processing
Kinematic and kinetic data were processed using Visual3D software (C-Motion, Germantown, MD). The marker and force data were low-passed filtered (Butterworth with a cutoff frequency of 6 Hz). Gait events including heel strike and toe off were identified for each step using the ground reaction force data. We computed the sagittal and frontal plane joint angles and moments during each gait cycle using a 6-degrees-of-freedom lower-limb model based on the Visual3D's inverse dynamics model. During each gait cycle, we identified the pKAM as the maximum KAM value during the first 40% of stance phase, the pKFM as the maximum KFM value during stance phase, and the KAM impulse by integration of KAM during stance phase. These variables were computed bilaterally for each gait cycle recorded during all four conditions (Fig. 3) . The moments and moment impulse were normalized by the participant's body weight times body height.
Statistical Analysis
We assessed the differences in pKAM, KAM stance phase impulse, and pKFM across conditions using one-way repeated measures analysis of variances (ANOVAs). The independent variable, condition, had four levels: Baseline, Feedback, No Feedback Early, and No Feedback Late. When main effects were found, we used Bonferroni-corrected pairwise comparisons. Significance was set at p < 0.05 for all tests. Table 1 lists the gait modification strategies and awkwardness and effort ratings reported by each participant. Ten different combinations of movement adaptations were reported and each participant employed a combination of two to three movement adaptations. The modified gait patterns for lowering KAM were participant-specific and multi-modal. For example, Participant 1 reported a combination of three strategies (toe-in, medial foot contact, and increased knee flexion) used for KAM reduction during walking. Participant 2 also reported a combination of three strategies (toe-in, medial knee thrust, and walking quietly), but not identical to the ones used by Participant 1. The most common strategies used were toe-in (eight participants), walking on the medial side of the foot (five participants), and increased knee flexion (three participants). Medial knee thrust, increased pronation, walking quietly, internal hip rotation, increased step width, increased cadence, and trunk lean were also reported. On average, KAM-lowering gait modifications increased the right knee flexion angle by 6 degrees and decreased the right step length by 1 cm. The mean awkwardness rating reported was 4.4 AE 2.1, and the mean effort rating was 5.5 AE 1.3. 
RESULTS
in the No Feedback Early, and 23.7 AE 20.1% (p ¼ 0
DISCUSSION
Provided real-time visual feedback of pKAM during walking, participants could modify their gait to reduce the pKAM and KAM impulse in both the feedback and non-feedback limbs. In the feedback limb, pKAM and KAM impulse reductions persisted even after the feedback was removed, suggesting short-term motor learning retention. Although no pKAM was displayed 
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for the non-feedback limb and the participants were instructed to only focus on lowering the pKAM of the feedback limb, we observed concomitant pKAM and KAM impulse reductions in the non-feedback limb, which may indicate a carry-over phenomenon. Compared to the feedback limb, the non-feedback limb had a smaller magnitude of pKAM and KAM impulse reduction, which became non-significant once feedback was removed. We observed a trend for pKFM increases accompanying pKAM reduction in both limbs during the Feedback and No Feedback Early conditions. The pKFM increase became statistically significant during the No Feedback Late condition. The altered gait patterns for effectively lowering KAM were participant-specific and multi-modal; each participant reported a combination of two to three gait modification strategies used for pKAM reduction. The current study affirms the results of a previous gait retraining study, 11 and supports the efficacy of providing real-time visual feedback of pKAM during ambulation for individualized KAM-lowering gait modifications. The current study also demonstrates that, with pKAM feedback, participants achieved beneficial reductions in KAM impulse, a determinant of cumulative medial tibiofemoral loading. Additionally, we observed short-term motor skill retention of continued pKAM and KAM impulse reductions even after the feedback was removed and the potential carry-over phenomenon to the non-feedback limb.
The pKAM reductions in the feedback limb ranged from 21.3% to 23.7 % in our study, comparable to and slightly greater than the 20.2% reduction reported in Wheeler and colleagues' work, 11 the 20% reduction observed in 8-session gait retraining via real-time visual feedback of dynamic frontal-plane knee alignment during walking, 10 and the 20% reduction found in a 6-week gait retraining via real-time feedback of foot progression angle. 18 Previous conservative biomechanical interventions, using wedged insole, 19 specialty footwear, 20 or knee brace, 21 showed that a 5%, 6%, or 13% pKAM reduction was accompanied by a 24%, 32%, or 44% decrease in pain. Approximately 20% reduction in pKAM and KAM impulse found in our study may potentially ease pain, improve function, and decrease the risk of structural progression in persons with medial knee OA. 14, 15, [22] [23] [24] [25] The preliminary findings in the current study may support the integration of visual feedback into a gait retraining program for persons with medial knee OA to assess longer term effects on knee loading parameters, pain, and global rating of improvement.
Interestingly, participants were able to maintain pKAM and KAM impulse reduction in the feedback limb after the visual feedback withdrawal, suggesting successful short-term motor skill learning/retention after a 15-min training with feedback. Effective motor learning of modified gait requires repetitive, taskspecific training with external-focus feedback. 26 In external focus motor learning, instruction and feedback are focused on the effects of one's movement, such as "land with quieter foot strike" during running, whereas internal focus emphasizes movement of body parts, such as "land in more knee flexion" or "position your foot behind your knee." Unlike internal-focused instructions on one single movement modification, external focus promotes automatic movement control, learning, and retention, because it allows each individual to selforganize his/her movements to achieve a global external target. [27] [28] [29] In contrast to gait modification programs where one specific kinematic adaption was prescribed, our regime allowed each participant to select his/her own movements to achieve the global target of KAM reduction via the external-focused feedback of the pKAM during walking. In fact, 10 different gait modification strategies were reported by 11 participants; 45% employed a combination of three gait alteration strategies to decrease pKAM; and 55% employed a combination of two strategies. This vast variability underscores the notion that movement modification selections are person-specific and multi-modal and an individualized combination of gait modifications should be considered. 30, 31 Future studies with a 4-to 6-week training period employing faded feedback paradigm will further elucidate the potential lasting benefits of this gait modification protocol.
The pKAM and KAM impulse reductions were accompanied by an increase in pKFM. Both pKAM and pKFM contribute to the medial tibiofemoral contact force, but their relative explanatory power on medial contact force differs. pKAM had approximately 2.5 to 3 times greater influence on medial contact force than pKFM. 6, 12 The beneficial effect of medial joint unloading by pKAM reduction may be neutralized only when there was a concomitant 2.5 to 3 times greater increase in pKFM. The right pKFM increases (ranged from 25% to 35% across three conditions) partially attenuated the benefits of 20% pKAM reduction on medial joint contact force. In a longitudinal observational cohort study of 391 knees from 204 persons, greater baseline pKAM and KAM impulse, but not pKFM, were each associated with subsequent medial tibiofemoral structural progression; thus KAM parameters principally drive the medial load and disease progression relationship. 15 Taken together, both pKAM and pKFM changes should be considered when evaluating medial joint load change; using pKAM as the primary predictor and pKFM as the secondary predictor.
The large standard deviations in pKFM changes (around 62-69%), driven by a few participants who adopted a gait pattern with considerably increased knee flexion, may be responsible for the statistically insignificant pKFM increases in the Feedback and No Feedback Early conditions. Four participants substantially increased knee flexion angles by an average of 15.5˚across all conditions; three reported slightly bending the knee during initial contact and loading response phase as a gait modification strategy; one simply adopted this strategy without reporting it. This particular gait adaption successfully lowered the pKAM at the expense of a substantial pKFM increase. Increased knee flexion may not be a recommended KAM-reducing strategy.
One limitation of this study is the inability to draw or validate conclusions about the knee joint contact forces. EMG (electromyography) data, in addition to joint kinetics and kinematics, would provide information needed to estimate joint forces in musculoskeletal modeling. We did not record EMG, because of increased participant burden during experimental setup and equipment and data processing requirements. A recent study has found that while pKAM accounts for around 63% of the variance in medial contact forces, pKAM combined with pKFM describes upwards of 85% of the variance. 12 Using this estimation, we can infer that the medial joint contact forces likely decreased in both limbs, based on the relative magnitude of pKAM reduction and pKFM increase. Participants in this study were young healthy volunteers without recent lower extremity pathologies. Whether the KAMreducing benefit of this protocol can be generalized to elderly with knee OA, who may have greater baseline pKAM and slower motor skill learning curve, is unknown. 32 The current study only involves a single gait retraining session. With additional sessions over a longer period, individuals may adjust and fine-tune their movement strategies to optimize gait efficiency and energetics, thereby may minimize awkwardness and effort associated with gait modification. Fatigue may impact gait modification patterns during the training session and should have been assessed in this study. Although we observed short-term retention of gait modification patterns after feedback removal, future studies with a 4-to 6-week training duration and an interim and a post-training follow-up assessment would provide valuable insight on motor learning retention/transfer and treatment durability. Lastly, real-time pKAM feedback is only possible in a fully equipped motion capture laboratory, not accessible to many clinicians and scalable to larger clinical trials. Future efforts should focus on adapting this protocol to portable devices to facilitate implementation in clinical settings.
CONCLUSION
This study supports the viability of real-time pKAM feedback as a tool for participant-specific gait modification aimed at reducing pKAM and KAM impulse during walking. Concurrent pKFM increases likely attenuated the load-moderating effects of pKAM reduction. Both pKAM and pKFM changes should be considered when evaluating impact on medial knee load. Short-term motor skill retention and possible carry-over effect to the non-feedback limb were observed. Future studies to evaluate its effectiveness in participants with confirmed medial knee OA or at risk for knee OA development (i.e., post-meniscal or ACL injuries) is warranted. To promote long-term motor learning, a more expansive training protocol should be constructed to ensure successful adoption of modified gait patterns.
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